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Hepatitis C virus (HCV)-specific T-cell responses are rarely detected in peripheral blood, especially in the
presence of human immunodeficiency virus (HIV) coinfection. Based on recent evidence that T-regulatory cells
may be increased in chronic HCV, we hypothesized that functional blockade of regulatory cells could raise
HCV-specific responses and might be differentially regulated in the setting of HIV coinfection. Three groups
of subjects were studied: HCV monoinfected, HCV-HIV coinfected, and healthy controls. Frequencies of
peripheral T cells specific for peptides derived from HCV core, HIV type 1 p24, and recall antigens were
analyzed by gamma interferon (IFN-�) enzyme-linked immunospot assay. HCV-specific T-cell responses were
very weak in groups with HCV and HCV-HIV infections. Addition of blocking antibodies against transforming
growth factor �1 (TGF-�1), -2, and -3 and interleukin-10 specifically increased the HCV-specific T-cell
responses in both infected groups; however, this increase was attenuated in the group with HCV-HIV coin-
fection compared to HCV infection alone. No increase in recall antigen- or HIV-specific responses was
observed. Flow cytometric sorter analysis demonstrated that regulatory-associated cytokines were produced by
HCV-specific CD3�CD8�CD25� cells. Enhancement of the IFN-� effect was observed for both CD4 and CD8
T cells and was mediated primarily by TGF-�1, -2, and -3 neutralization. In conclusion, blockade of TGF-�
secretion could enhance peripheral HCV-specific T-cell responses even in the presence of HIV coinfection.

Hepatitis C virus (HCV) is a major health problem world-
wide. HCV infection causes chronic hepatitis in up to 80% of
infected adults and is associated with steatosis, cirrhosis, and
hepatocellular carcinoma. The presence of vigorous and multi-
specific peripheral immune responses to HCV proteins by
both CD8� and CD4� T lymphocytes is associated with virus
clearance and disease resolution in acute hepatitis C (12, 18,
36, 44). In contrast, frequencies of HCV-specific T cells are
very low in the periphery of subjects with chronic hepatitis C
(32, 33, 44, 51). This paucity of T-cell responses in the setting
of chronic HCV is exquisitely specific to HCV, as responses
against recall antigens are preserved (3, 44, 48). Furthermore,
compared to other chronic viral infections, such as human
immunodeficiency virus (HIV) infection, the magnitude of T-
cell responses to HCV is low (2, 31, 49). While HCV-specific T
cells are relatively enriched in the liver parenchyma (25, 30,
35), a relative weakness, at least of CD4� T cell responses, is
linked to more rapid disease progression (27). The reasons for
the low frequency of HCV-specific T-cell responses in the
chronic phase of HCV infection are poorly understood but
may involve exhaustion (28, 47), apoptosis of activated T cells
(24, 26, 46), or failure of antigen presentation early in infection
(5, 37).

Recently, there has been a revival of interest in regulatory T
(Treg) cells, which are a heterogeneous population of cells
including CD4�CD25�, Tr1, and Th3 cells, but also CD8�

cells (14), �� T cells, and NK T cells, all of which have been
demonstrated to suppress T cells. The potential role of Treg in
HCV infection is just beginning to be defined. The majority of
published studies have focused on CD4�CD25� Treg cells (7,
8, 39, 42). HCV persistence has been associated with increased
circulating CD4�CD25� T cells, and their depletion from pe-
ripheral blood mononuclear cells (PBMC) enhances the T-cell
in vitro capacity to proliferate or to secrete gamma interferon
(IFN-�) in response to HCV and other viruses, such as influ-
enza virus (7), cytomegalovirus (CMV), and Epstein-Barr virus
(EBV) (39). Most of these studies also suggested a contact-
dependent action of CD4�CD25� cells (7, 8, 39), while to
date, the role of the regulatory-associated cytokines transform-
ing growth factor � (TGF-�) and interleukin-10 (IL-10) in
human Treg cell function in HCV infection has not been con-
clusively defined (9). Some studies found that the suppressive
effect of CD4�CD25� Treg cells on the peripheral T-cell pro-
liferation is TGF-� and IL-10 independent (7, 39). We and
others have found that HCV proteins or peptides induced the
production of IL-10 by PBMC (21, 22, 34, 47) and liver-infil-
trating lymphocytes (1, 20) from patients with chronic HCV,
but the functional impact was unclear.

In the present work, we explored the involvement of the
regulatory-associated cytokines TGF-� and IL-10 in blocking
the peripheral blood HCV-specific T-cell production of IFN-�.
We chose to study subjects with HCV-HIV coinfection and
HCV monoinfection to see if the regulatory-cytokine blockade
has similar effects on HCV-specific IFN-� effector responses in
both groups, since HIV causes alterations in effector and reg-
ulatory-T-cell functions. We also characterized the type of
HCV-specific T cells secreting regulatory-associated cytokines.
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We found that the suppression of HCV core-specific IFN-�
T-cell production in the peripheral blood of subjects with
chronic HCV infection was primarily mediated by TGF-� pro-
duced by antigen-specific CD8�CD25� T cells.

MATERIALS AND METHODS

Study subjects and samples. Blood samples were received from 21 subjects
with chronic HCV infection who were undergoing routine diagnostic evaluation
prior to anti-HCV treatment. Eleven subjects were HCV monoinfected, and 12
subjects were HCV-HIV coinfected (Table 1). All were HCV RNA positive, and
no subjects had clinical liver decompensation. Persons with other forms of liver
disease, including those caused by hepatitis B virus and alcohol, and other
immunosuppressive conditions, including malignancy, chronic renal failure with
hemodialysis, organ transplant, or other comorbid diseases requiring immuno-
suppressive therapy, were excluded. All the coinfected subjects were under treat-
ment for HIV infection. Blood samples were also received from eight healthy
individuals. The protocol was reviewed by the Investigational Review Boards of
the University of Cincinnati College of Medicine and the Beth Israel Deaconess
Medical Center, and all subjects gave informed consent for the collection of
samples. PBMC were isolated from EDTA anticoagulated blood with Ficoll-
Paque Plus (Amersham Bioscience, Piscataway, NJ) density gradient centrifuga-
tion and cryopreserved for later use.

Antigens. Three sets of synthetic peptides (AIDS Reagent Program, NIH)
were used. Set 1 consisted of 29 18-mer peptides spanning the entire HCV core
region derived from HCV type 1a strain H77 (10 �g/ml each). Set 2 consisted of
58 15-mer peptides covering the HIV gag-p24 region derived from HIV type 1
consensus B gag (2 �g/ml each). Each set of HCV and HIV peptides was split
into three pools. For analysis, the results from the pools were summed as total

HCV- or HIV-specific responses. Set 3 (CEF), a pool of 23 major histocompat-
ibility complex class I restricted T-cell 11- to 18-mer peptides from human CMV,
EBV, and influenza virus, was used as a control (2 �g/ml each).

IFN-� and IL-10 ELISPOT assays. Enzyme-linked immunospot (ELISPOT)
assays were performed as previously described (4). Capture and detection anti-
bodies were used at final concentrations of 5 �g/ml and 0.2 �g/ml for IFN-�
(Endogen, Woburn, MA) and 10 �g/ml and 1 �g/ml for IL-10 (Mabtech). PBMC
(2 � 105 cells per well in triplicate) were cultured for 20 h with antigens and in
the presence or absence of blocking antibodies or their isotype controls. Positive
control wells consisted of phytohemagglutinin (5 �g/ml; Sigma-Aldrich, St.
Louis, MO). Negative control wells consisted of buffer alone. Antigen-specific
spot-forming cell (SFC) frequencies were measured on an automated micro-
scope (Zeiss, Munich, Germany) and expressed after background subtraction
(the number of SFCs observed with buffer medium alone). For IFN-� ELISPOT
assays, results were considered positive if a minimum of 50 SFCs/106 cells were
detected above background. This threshold was chosen as more than 3 standard
deviations above any response observed in the peripheral blood of healthy
controls (Fig. 1).

Blocking assays. Blocking assays were performed in parallel with the standard
ELISPOT assays. Blocking monoclonal antibodies (MAbs) anti-IL-10 and anti-
TGF-�1, -2, and -3 (clone DII) or immunoglobulin G1 (IgG1) and IgG2b isotype
controls (R&D Systems, Minneapolis, MN) were simultaneously added to the
wells at the optimized concentration (10 �g/ml).

Intracytoplasmic cytokine staining. PBMC were cultured for 6 h with antigens
in the presence of Golgi Plug (BD Biosciences Pharmingen, San Diego, CA)
added 1 h after the initiation of stimulation. Thereafter, the cells were surface
stained with anti-CD3–phycoerythrin–cyanin 5 (PE-Cy5) (BD Biosciences Phar-
mingen, San Diego, CA), anti-CD4 energy-coupled dye–phycoerythrin–texas red
(ECD) (Beckman Coulter, Miami, FL), anti-CD8–phycoerythrin–cyanin 7 (PE-

TABLE 1. Subject demographics

Demographic

Value

PHCV monoinfected
(n � 11)

HCV-HIV coinfecteda

(n � 12)

Age, median (range) (yr) 45 (35–61) 46 (25–61) NSc

Raceb 6C; 2AA; 2H; 1 other 7C; 2AA; 1H NS
Male/female 9/2 9/3 NS
CD4� cell count, median (range) (cells/mm3) NDd 540 (104–748)
HIV RNA, median (range) (copies/ml) NDd 	50 (	50–10,343)
HCV RNA, median (range) (103 IU/ml) 240 (22–6,110) 1,600 (240–39,000) 0.06
HCV genotype (no.) 1 (10), 3 (1) 1 (12) NS

a All coinfected persons were treated for HIV infection.
b C, Caucasian; AA, African American; H, Hispanic.
c NS, not significant.
d ND, not done.

FIG. 1. IFN-� ELISPOT assay against HCV core peptides in the presence of isotype controls and the blocking Abs anti-TGF-� and anti-IL-10.
Each line corresponds to a subject. The results are shown as SFCs/106 PBMC over background (unstimulated cells). After the addition of blocking
Abs, significant enhancement of median HCV-specific T-cell responses was observed in both groups of subjects with HCV monoinfection (n � 11)
(P � 0.003) and with HCV-HIV coinfection (n � 12) (P � 02). Similarly, the number of responders to HCV, defined as greater than 50 SFCs/106

cells, was increased from two to nine HCV responders in the HCV-monoinfected group and from one to four responders in the HCV-HIV-
coinfected group. No controls had positive responses to HCV. HCV-specific T-cell responses were not different between the two groups, HCV
monoinfected and HCV-HIV coinfected, when isotype controls were added, while after the addition of blocking Abs, these responses became
significantly higher in the HCV-monoinfected group (P � 0.05).
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Cy7) (BD Biosciences Pharmingen, San Diego, CA), and anti-CD25–fluorescein
isothiocyanate (FITC) (BD Biosciences Pharmingen, San Diego, CA); fixed and
permeabilized (fixation/permeabilization solution kit; BD Biosciences Pharmin-
gen, San Diego, CA); and then stained intracellularly with anti-IFN-�–PE (BD
Biosciences Pharmingen, San Diego, CA), anti-TGF-�–PE (Biotest Diagnostics,
Denville, NJ), and anti-IL-10–PE (R&D Systems, Minneapolis, MN) MAbs or
with an irrelevant isotype-matched control. CD3, CD4, and CD8 surface-stained
PBMC were also intracellularly stained with anti-TGF-�–PE and anti-Foxp3–
FITC (eBioscience, San Diego, CA). Five-color flow cytometric analysis was
performed using an FC500 flow cytometer (BD Biosciences, San Diego, CA);
150,000 events were acquired, 50,000 to 100,000 of which were gated viable cells.
The results were expressed as percentages of cytokine-positive cells after back-
ground subtraction. Positive controls were obtained by stimulating cells with
phorbol myristate acetate (50 ng/ml) and ionomycin (1 �g/ml) (Sigma-Aldrich,
St. Louis, MO) or in the presence of both fixed CD3 and soluble CD28 (BD
Biosciences Pharmingen, San Diego, CA) and were positive for all samples. The
negative control consisted of cells with buffer medium alone.

Depletion assays. CD25 or CD8 depletion was performed using magnetic
Dynabeads (Dynal Biotech) following the kit protocol, which allowed depletion
of �99% of target cells. In order to keep constant the number of effector T cells
producing IFN-� when comparing results before and after CD8 depletion, in
some cases adherent cells were separated by 1 hour of culture to be used as
accessory/antigen-presenting cells and were then added back at equal numbers to
the untreated or CD8-depleted nonadherent effector cells.

Statistical analysis. ELISPOT results before and after the addition of blocking
MAbs for each subject were compared by a Wilcoxon signed rank test. Results
from HCV-HIV and HCV groups were compared using the Mann-Whitney U
test. Spearman rank tests were performed for the correlations. Calculations were
performed using STATview SAS PC (Cary, NC; version 6.0l), and P values of
�0.05 were considered significant.

RESULTS

Subject characteristics. Subject characteristics at study entry
are shown in Table 1. All of the coinfected persons were under
treatment for HIV infection, and most had undetectable HIV
viral loads (VLs) (median, 	50 copies/ml; range, 	50 to
10,343). CD4� T-cell counts were done only for the coinfected
group and were relatively high in this cohort (median, 540/
mm3; range, 104 to 748). As expected, there was a trend toward

higher HCV VLs in the coinfected group, with a median HCV
VL of 
1,600 � 103 IU/ml versus 240 � 103 IU/ml in the
HCV-alone group (P � 0.06).

Blocking regulatory cytokines increases peripheral HCV-
specific T-cell responses, even in the presence of HIV coinfec-
tion. PBMC were first analyzed by ELISPOT assay for the
frequency of T cells producing IFN-� in response to HCV core,
HIV p24, and CEF peptides in the presence and absence of
both anti-TGF-�1, -2, and -3 and anti-IL-10 MAbs or their
appropriate isotype controls (Fig. 1 and 2). Without HCV
stimulation, no effect of TGF-� and IL-10 blockade on IFN-�
T-cell production was observed, and the median numbers of
SFC/106 PBMC observed with media, blocking antibodies
(Abs) or their isotype controls were similarly low (5, 4, and 5,
respectively) (data not shown). The results observed with an-
tigen stimulation for each condition were expressed after sub-
traction of the number of SFCs observed with no antigen
stimulation (i.e., background). No significant difference was
observed between the results for cells with media and cells with
isotype controls (data not shown), so the results are shown for
cells stimulated in the presence of the isotype controls. In
subjects with chronic hepatitis, in the absence of blocking Abs,
HCV-specific T-cell responses were very weak in both groups
(Fig. 1). In subjects with HCV monoinfection, the median was
25 SFCs/106 PBMC (range, 5 to 100), with 2/11 subjects having
a positive response (�50 SFCs/106 PBMC), and in those with
HCV-HIV coinfection, the median value was 12 SFCs/106

PBMC (range, 0 to 237), with 1/12 subject having a positive
response. Addition of blocking Abs increased the HCV-spe-
cific T-cell IFN-� responses in both groups to a median of 150
SFCs/106 PBMC in those with HCV monoinfection (range, 11
to 333) (P � 0.003) and 36 SFCs/106 PBMC in those with
HCV-HIV coinfection (range, 0 to 271) (P � 0.02); there were

50 SFCs/106 PBMC in 9/11 and 4/12 subjects, respectively

FIG. 2. IFN-� ELISPOT assays against CEF (top) and HIV p24 (bottom) peptides in the presence of isotype controls and anti-TGF-� and
anti-IL-10 Abs. Each line corresponds to a subject. The results are shown as SFCs/106 PBMC over background (unstimulated cells). No
enhancement of median T-cell responses toward non-HCV antigens was observed after the addition of blocking Abs. Neither controls nor subjects
with HCV monoinfection had positive responses to HIV peptides.
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(Fig. 1). Interestingly, the amplifying effect appeared to be
more pronounced in HCV-monoinfected subjects: HCV-spe-
cific T-cell responses were not different between the two
groups when isotype controls were added, while after the ad-
dition of blocking Abs, these responses became significantly
higher in the HCV-monoinfected group (P � 0.05).

In subjects who responded to CEF, specific T cells were
detected with high frequencies in all three groups and addition
of blocking Abs did not raise the response (Fig. 2). Of note,
6/12 coinfected subjects responded vigorously to CEF (
1,000
SFCs/106 PBMC) compared to the other two groups. This is
consistent with our prior experience in another cohort (4) and
could be related either to CMV reactivation or more system-
atic use of influenza virus vaccination in HIV patients. Healthy
controls did not have responses against HCV in the presence
of isotype or blocking Abs (Fig. 1), and only subjects with HIV
infection had detectable HIV-specific responses (Fig. 2). Sim-
ilarly, addition of blocking MAbs did not significantly increase
the T-cell responses to HIV in the group of five HIV-coin-
fected subjects studied, although HIV-specific responses above
50 SFCs/106 PBMC were found in three subjects before addi-
tion and in all five after addition of blocking Abs (Fig. 2).

CD3�CD8� and CD3�CD4� T-cell subsets both contrib-
uted to HCV-specific production of IFN-� upon regulatory-
cytokine blockade. In order to determine which cells produced
IFN-� in response to HCV core 18-mer peptides, we per-
formed further experiments in subjects who had adequate
PBMC to determine the effect of blocking MAb on intracel-
lular cytokine staining. CD3�CD4� and CD3�CD8� cells
were analyzed for the production of IFN-� against a pool of
HCV core peptides before and after addition of both anti-

TGF-� and anti-IL-10 or their isotype controls. Dot plots for a
representative subject with HCV monoinfection are shown
(see Fig. 3). Staining with the corresponding PE-conjugated
isotype control was less than 0.04% for each stimulation con-
dition (not shown). The frequency of HCV-specific cells was
calculated as the percentage of cells responding to HCV pep-
tides minus the background observed with medium alone. The
frequency of HCV-specific IFN-�-producing cells increased
from 0.01 to 0.27% after addition of blocking MAbs within
CD3�CD4� cells and from 0 to 0.44% within CD3�CD8�

cells. This was consistent with a large increase observed by
ELISPOT assay for this subject: HCV-specific responses of 5

TABLE 2. Both CD4� and CD8� T cells produced IFN-� in response
to HCV core peptides after blocking Treg-associated cytokines

TGF-� and IL-10

Subject Status

Frequency a

CD3� CD4�

IFN-��
CD3� CD8�

IFN-��

Ab Isotype Ab Isotype

002B HCV-HIV 0.20 0.02 1.48 0.09
002P HCV 0.27 0.01 0.44 0.07
0090 HCV 0.11 0.04 0.16 0.01
0055 HCV 0.42 0.06 0.07 0.01
0074 HCV 1.74 0.00 0.77 0.06
00-Q HCV 0.36 0.09 0.32 0.00

a Results are expressed as percent frequencies of CD3�CD4� and
CD3�CD8� cells that secret IFN-� in response to HCV, calculated as percent
expression following stimulation with HCV minus percent expression of cells in
medium alone, in the presence of both Abs (anti-TGF-� and anti-IL-10) and the
isotype controls (isotype).

FIG. 3. Frequencies of CD4 and CD8 T cells producing IFN-�, by intracellular staining, in response to medium alone or to the pool of HCV
core peptides before and after the addition of the blocking Abs anti-TGF-� and anti-IL-10 or the appropriate isotype controls in one representative
subject, 002P (HCV monoinfected). After 6 h of appropriate stimulation (in the presence of Golgi Plug added 1 h after the start of stimulation),
PBMC were stained with anti-CD3–PE–Cy5, anti-CD4–ECD, and anti-CD8–PE–Cy7 and then fixed/permeabilized for intracellular staining with
anti-IFN-�–PE. The dot plots are gated on CD3� cells. The corresponding isotype control staining was 	0.04 (not shown).
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SFCs/106 PBMC before the addition of blocking MAbs, 6
SFCs/106 PBMC with isotype controls, and 333 SFCs/106

PBMC with blocking MAbs. The results for six subjects are
shown in Table 2 and demonstrate that both CD3�CD4� and
CD3�CD8� cells produced IFN-� upon stimulation of the
cells with synthetic peptides, as expected.

Regulatory-associated cytokines were predominantly pro-
duced by CD3�CD8�CD25� cells in response to HCV. Since
the increase in IFN-� T-cell responses after the blockade of

FIG. 4. Frequencies of T cells producing TGF-� or IL-10, in response to medium alone or to HCV core peptides, by intracellular staining in
one representative subject, 0090 (HCV monoinfected). After 6 h of appropriate stimulation (in the presence of Golgi Plug added 1 h after the start
of stimulation), PBMC were stained with anti-CD3–PE–Cy5, anti-CD4–ECD, anti-CD8–PE–Cy7, and anti-CD25–FITC and then fixed/permeab-
ilized for intracellular staining with anti-TGF-�–PE, anti-IL-10–PE, or isotype-PE. The dot plots are gated on (A) CD3�CD4� and
(B) CD3�CD8� cells. Neither CD3�CD8�CD25� nor CD3�CD4� cells produced regulatory cytokines.

FIG. 5. IFN-� ELISPOT assay against HCV core peptides in the
presence of medium alone or either both or one of each blocking Ab
(anti-TGF-� and/or anti-IL-10) or their corresponding isotype controls.
The bars represent the results as SFCs/106 PBMC over background (un-
stimulated cells), shown for five HCV-monoinfected and two HCV-HIV-
coinfected subjects for each stimulation condition. A responder was de-
fined as greater than 50 SFCs/106 PBMC over background, as shown by
the horizontal dotted lines. The blocking effect was mediated by TGF-�
and was IL-10 independent in six out of seven subjects.

TABLE 3. Treg-associated cytokines predominantly produced by
CD8� T cells in response to HCV core peptides

Subject Status

Frequency a

CD3�CD8�CD25� CD3�CD4�CD25�

TGF-�� IL-10� TGF-�� IL-10�

002P HCV 0.07 0 0 0
0090 HCV 0.36 0.31 0.02 0.01
0055 HCV 0.08 0.01 0 0
0074 HCV 0.17 0.78 0 0
00-Q HCV 0.38 0 0 0
9136 HCV 0.28 0 0 0.01
002B HCV-HIV 0 0 0.28 0.16
0186 HCV-HIV 0.52 0.36 0 0
0174 HCV-HIV 0.82 0.74 0 0
002U HCV-HIV 0.05 0 0 0
0992 HCV-HIV 0.08 0 0 0

a Results are expressed as frequencies of TGF-��CD25� HCV-specific cells
within CD3�CD8� cells and IL-10�CD25� within CD3�CD4� cells, after back-
ground (medium) subtraction. Neither CD3�CD8�CD25� nor CD3�CD4�CD25�

cells produced Treg cytokines (not shown).
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regulatory cytokines was specific for HCV, as increases in the
CEF pool or preexisting HIV responses were not seen, we
hypothesized that HCV-specific Treg cells were responsible for
this increase. HCV-specific cells producing TGF-� and IL-10
were further characterized by flow cytometric analysis for
CD3�, CD4�, CD8�, and CD25� expression from six monoin-
fected and five coinfected subjects in whom an increase in
HCV-specific IFN-� production was observed when antibodies

blocking regulatory cytokines were added. Interestingly, regu-
latory-associated cytokines were produced in response to HCV
core exclusively by CD8�CD25� T cells from 10/11 subjects
(Table 3 and Fig. 4B). The exception was PBMC from a single
HCV-HIV-coinfected subject (002B), who produced regulato-
ry-associated cytokines exclusively from HCV-specific
CD3�CD4�CD25� cells (Table 3).

The enhancement of the HCV-specific T-cell response is
mediated by anti-TGF-�. To determine whether either or both
cytokines were critical for the blocking effect, IFN-� ELISPOT
assays were repeated by adding one of each blocking MAb,
anti-TGF-� or anti-IL-10, or its isotype control with subjects
whose HCV-specific responses were raised by the addition of
both anti-cytokine MAbs and who had sufficient cells available.
The blocking effect was clearly mediated by TGF-� and was
IL-10 independent in six out of seven patients tested (Fig. 5),
and the anti-TGF-� blocking effect remained predominant
with the remaining patient (subject 0090).

We also performed IL-10 ELISPOT assays for two subjects
who had sufficient available cells: 0186 (HCV-HIV coinfected)
and 0055 (HCV monoinfected). Addition of TGF-� blocking
MAbs also increased the HCV-specific T-cell IL-10 responses
in both subjects (Fig. 6), suggesting that blockade of regulatory
cytokines can impact the secretion of cytokines other than
IFN-�. However, larger studies would need to be done to draw
conclusions on this point.

CD3�CD8� cells producing TGF-� are Foxp3 negative and
are specific for HCV. In two subjects, 0186 (HCV-HIV coin-
fected) and 9136 (HCV monoinfected), we further character-
ized HCV-specific cells producing TGF-� by flow cytometric
analysis for CD3�, CD4�, CD8�, and Foxp3 expression, a
transcription factor currently considered as perhaps the opti-
mal marker of classic Treg. Interestingly, CD3�CD8� cells

FIG. 6. IL-10 ELISPOT assay against the three HCV core pools,
P1, P2, and P3, and CEF in the presence of medium, anti-TGF-�
blocking MAb, or the corresponding isotype control IgG1. The bars
represent the results as SFCs/106 PBMC over background (unstimu-
lated cells), shown for two subjects, 0055 (HCV monoinfected) and
0186 (HIV-HCV coinfected). Addition of the blocking Ab anti-TGF-�
enhanced the IL-10 response to HCV pools, but not to CEF.

FIG. 7. Frequencies of T cells producing TGF-� in response to medium alone or HCV core peptides by intracellular staining in two subjects,
0186 (HCV-HIV coinfected) and 9136 (HCV monoinfected). After 6 h of appropriate stimulation (in the presence of Golgi Plug added 1 h after
the start of stimulation), PBMC were stained with anti-CD3–PE–Cy5, anti-CD4–ECD, and anti-CD8–PE–Cy7 and then fixed/permeabilized for
intracellular staining with anti-Foxp3–FITC and anti-TGF-�–PE or their isotype controls. The dot plots are gated on (A) CD3�CD4� and
(B) CD3�CD8� cells. Of note, the staining rates for all the isotype controls were low (	0.02%) (not shown). Only CD4� cells expressed Foxp3,
but they did not produce TGF-� in response to HCV (A). CD3�CD8� cells producing TGF-� in response to HCV were Foxp3 negative (B).
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producing TGF-� in response to HCV were Foxp3 negative
(Fig. 7).

We also examined the production of TGF-� in response to
CEF peptides as an additional control for the HCV specificity
of TGF-� production. As shown in Fig. 8, TGF-� production
by CD3�CD8� cells was clearly observed in response to HCV,
but not to CEF.

The overall production of TGF-� production by the CD8
cells is shown in Fig. 9 and is significantly higher in response to
HCV stimulation than in medium alone (P � 0.01) (Fig. 9A).
Of note, there was no significant difference between TGF-
�–PE and Iso-PE staining in medium alone (P � 0.12), while
after HCV stimulation, TGF-�–PE staining was significantly
higher than Iso-PE (P � 0.01) (Fig. 9B). No correlation was
observed with HCV viremia, although the sample size of the
study was too small to draw definitive conclusions.

Effects of CD8 or CD25 depletion on HCV-specific IFN-� T-cell
responses. Depletion experiments were performed on the re-
maining cells from two available subjects in whom TGF-� block-
ade raised the HCV-specific IFN-� response (0186, HCV-HIV
coinfected, and 00-Q, HCV monoinfected). Depletion of CD25�

cells did not increase the HCV-specific IFN-� ELISPOT re-
sponse (data not shown). Depletion of CD8� cells diminished the
HCV-specific IFN-� ELISPOT response, as well as the IFN-�
ELISPOT response to CEF peptides (data not shown). These

results were expected, since CD8� cell depletion will deplete not
only CD8 cells producing TGF-�, but also effector cells producing
IFN-�. Given the lack of a definitive surface marker, we could not
specifically deplete functional T cells secreting TGF-�. However,
CD8� cell depletion was also followed by flow cytometric cyto-
kine analysis in the same two subjects, in whom CD4 cells partic-
ipated in IFN-� production after regulatory blockade. In an ad-
ditional subject, 9136 (HCV monoinfected), in order to keep
constant the number of effector T cells producing IFN-�, the
same experiment was performed once monocytic antigen-pre-
senting cells were removed via adherence and then added back at
equal numbers to the PBMC and CD8-depleted cells. Interest-
ingly, in all these subjects, CD8� cell depletion increased the
HCV-specific intracellular IFN-� production in CD4 cells (Fig.
10A and B).

In summary, HCV-specific T-cell responses could be mark-
edly and specifically augmented by the neutralization of regu-
latory cytokines, primarily TGF-�, and regulatory cytokines
were produced by HCV-specific CD8�CD25� T cells.

DISCUSSION

Our results provide evidence that functional blockade of
regulatory-associated cytokines enhances peripheral HCV-
specific T-cell responses, even in the presence of HIV coinfec-

FIG. 8. Frequencies of T cells producing TGF-� in response to medium alone, to HCV core peptides, or to CEF peptides by intracellular
staining in three subjects: 0186 and 0992 with HCV/HIV coinfection and 9136 with HCV monoinfection. After 6 h of appropriate stimulation (in
the presence of Golgi Plug added 1 h after the start of stimulation), PBMC were stained with anti-CD3–PE–Cy5, anti-CD4–ECD, and
anti-CD8–PE–Cy7 and then fixed/permeabilized for intracellular staining with anti-TGF-�–PE or isotype-PE. The dot plots are gated on
CD3�CD8� cells. CD3�CD4� cells did not produce the regulatory cytokine, and the isotype controls were low (	0.02). TGF-� production was
observed in response to HCV, but not to CEF.
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tion, although the degree of enhancement was attenuated in
persons with HCV-HIV coinfection. We also found that this
suppressive activity is primarily mediated by TGF-�, a regula-
tory-associated cytokine that was predominantly produced in
response to stimulation with HCV core peptides by
CD8�CD25� T cells.

Persistent HCV infection is associated with very low fre-
quencies of peripheral blood HCV-specific T cells, especially
when measured by functional assays, such as lymphoprolifera-
tion and ELISPOT assays (44). Our results, together with
recent studies (7, 39), suggest that HCV-specific T cells are not
completely absent from the periphery of subjects with chronic
HCV infection but may be functionally suppressed by Treg
cells. There are two previously described subsets of Treg cells,
which differ in terms of specificity and effector mechanism:
natural Treg cells that develop during the normal process of
T-cell maturation in the thymus and adaptive Treg cells that
might either develop from mature classical T cells or differen-
tiate from the naturally occurring Treg cell subset under par-
ticular conditions of antigen exposure (6). Natural Treg cells,
at least in in vitro models, have been shown to function via
antigen-independent, contact-dependent, and cytokine-inde-

pendent mechanisms (40), whereas cytokine-mediated sup-
pression has been established for peripheral adaptive Treg
cells in vivo (29). Currently, the most studied marker for Treg
cells is CD25, which is also expressed on activated T cells. This
surface marker is highly expressed on the natural Treg cells,
but its expression on the adaptive Treg cells and other T cells
is variable. Previous studies have found an increase in circu-
lating CD4� CD25� T cells associated with HCV persistence
(7, 8, 42). The suppressive activity of these circulating
CD4�CD25� Treg cells was found to be independent of Treg-
associated cytokines and modulated responses to HCV, as well
as other antigens (7, 39).

Recently, studies of mice demonstrated that CD8� cells also
contain Treg cells (14, 38). However these CD8� Treg cells
were not antigen specific and mediated the suppression of
T-cell responses by IL-10 and not TGF-� (14). Similarly, non-
antigen-specific CD8� Treg cells have been seen in the periph-
eral blood of patients with chronic inflammatory diseases, such
as multiple sclerosis (43), systemic lupus erythematosus (15),
or systemic sclerosis (16), and in persons with chronic immune
responses, such as HIV and HCV infections (17). Accapezzato
and colleagues recently demonstrated antigen-specific CD8�

IL-10-secreting Treg cell lines in the livers of patients with
chronic HCV infection (1). To our knowledge, there are no
reports of HCV-specific CD8� T cells producing TGF-�.

In our study, we have provided evidence of the existence of
HCV-specific CD8� T cells secreting TGF-� in the peripheral
blood of subjects with chronic HCV infection. Although CD8�

T cells produced both TGF-� and IL-10 in response to HCV,
antigen-specific functional assays showed that suppression of
HCV-specific IFN-� response was mediated by TGF-� and was
IL-10 independent in most subjects. Accapezzato et al. showed
that the addition of neutralizing anti-IL-10 antibodies abro-
gated the suppression of non-antigen-specific PBMC prolifer-
ation by IL-10-producing CD8� liver-infiltrating lymphocytes
(1). However, they found that the non-antigen-specific sup-
pression was also exerted by some CD8�IL-10� liver-infiltrat-
ing lymphocytes, suggesting the involvement of further unde-
fined CD8 T cells that could include those producing TGF-�.
An inhibitory role for TGF-�1 in suppressing HCV-specific
IFN-� production by PBMC was recently proposed (8). How-
ever, the degree of enhancement was modest, and it was not
clear which cell type produced TGF-� in this study. The degree
of enhancement after TGF-� blockade found in our study
could be due to the type of neutralizing TGF-� antibody used,
with the previous study using anti-TGF-�1 while we used anti-
TGF-�1, -2, and -3 to neutralize all three forms of TGF-� (�1,
�2, and �3). A key difference from previous studies of periph-
eral Treg cells in chronic HCV infection was that we found that
regulatory-cytokine-mediated suppression in chronically HCV-
infected subjects was restricted to HCV-specific T cells and did
not involve other virus-specific T-cells, such as those of CMV
or HIV. Therefore, these results suggest that, besides the ac-
tivation of naturally occurring or induced CD4�CD25� Treg
cells (7, 8, 39), chronic HCV infection may also lead to specific
induction of HCV-specific CD8 Treg cells producing TGF-�.
Whether this TGF-� might suppress other antigen-specific re-
sponses will be the subject of future studies.

Another finding of our study is that the amplifying effect of
HCV-specific IFN-� T-cell responses after the addition of neu-

FIG. 9. Overall frequencies of CD3�CD8�CD25� cells producing
TGF-� by intracellular staining in 10 studied subjects. Each line cor-
responds to a subject. TGF-� production by CD8 cells was significantly
higher in response to HCV stimulation than in medium alone (P �
0.01) (A). There was no significant (P � 0.12) difference between
TGF-�–PE and Iso-PE staining in medium alone, while after HCV
stimulation, TGF-�–PE staining was significantly (P � 0.01) higher
than Iso-PE (B).
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tralizing Treg cytokine antibodies was more pronounced in
HCV-monoinfected subjects than in HIV-HCV-coinfected
subjects. This could be explained by a compromised Treg cell
activity in HIV coinfection and/or lack of sufficient effector
cells. Depletion of T-regulatory cells in the course of HIV
infection has been suggested by Eggena et al. and was shown to
be more strongly associated with immune activation than with
the absolute CD4 count (13). People with HCV-HIV coinfec-
tion have more rapid disease progression than is seen in HCV
infection alone (19). Taken together, these observations raise
the intriguing possibility that Treg cells may protect against
liver disease progression.

Although the key role of CD4� and CD8� T-cell responses
in spontaneous clearance of HCV is accepted based on chim-
panzee and human studies (11, 23, 33, 41, 45), the role of T-cell

responses in the pathogenesis of liver injury in chronic HCV is
unknown. The classic model of the pathogenesis of viral hep-
atitis invokes the cytotoxic capability of CD8� T cells. This
model is supported by adoptive-transfer experiments with
transgenic mice (10, 50). Recently, it has been shown in hu-
mans that the frequencies of HCV tetramer-specific IFN-�-
producing intrahepatic CD8� cells were directly correlated
with the hemagglutination inhibition score, whereas the fre-
quency of IL-10-producing tetramer� CD8� T cells was in-
versely associated with the hemagglutination inhibition score
(1). Similarly, a higher frequency of intrahepatic HCV-specific
IL-10-producing CD4 cells was found in patients with HCV
monoinfection than in those with HCV-HIV coinfection (20),
who are characterized by more rapid progression to liver dis-
ease (6), although that study was too small and was not de-

FIG. 10. Effects of CD8 depletion on IFN-� responses. (A) Frequencies of CD4-producing IFN-�, by intracellular staining, in response to
medium or to the pool of HCV core peptides before and after CD8 depletion in one coinfected subject, 0186. After 6 h of appropriate stimulation
(in the presence of Golgi Plug added 1 h after the start of stimulation), PBMC or CD8� cells were stained with anti-CD3–PE–Cy5 and
anti-CD4–ECD and then fixed/permeabilized for intracellular staining with anti-IFN-�–PE and isotype-PE. The dot plots are gated on CD3�CD4�

cells. (B) Frequencies of CD4-producing IFN-�, by intracellular staining, in response to the pool of HCV core peptides before and after CD8
depletion in three subjects. In subject 9136, the same experiment was performed once antigen-presenting cells were removed and then added back
at equal numbers to the PBMC and CD8-depleted cells. The bars represent the results as frequencies of CD4�IFN-�� cells gated on CD3�CD4�

cells after background subtraction (unstimulated cells, or medium). The CD8 depletion increased intracellular IFN-� production in CD4 cells in
response to HCV.
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signed to permit correlations with the histologic outcome and
other clinical parameters. Taken together, these studies sug-
gest that Treg cells might play a role in minimizing chronic
pathological responses by effector T cells.

In our study, the suppression of HCV-specific IFN-�-pro-
ducing peripheral T cells seemed to be primarily mediated by
TGF-�, and we identified HCV-specific TGF-� production
primarily in CD8� T cells. TGF-� may be both antiprolifera-
tive (37) and profibrogenic (11, 23, 24, 31, 39, 45), so it will be
important for future, larger studies to address the role of
TGF-�-producing cells in the progression of liver disease and
whether similar cells exist in liver-infiltrating lymphocytes.
Clearly, prospective studies of individuals with differing de-
grees of fibrosis progression are needed to understand the
roles that different populations of T cells, including Treg cells,
have in HCV-related liver disease progression.
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